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RISRXULQJ WKHFRQFUHWH VODEDQG WKHUH LVQRQHHGRIXVLQJDGGLWLRQDO VHFRQGDU\FRQVWUXFWLRQV LQRUGHU WREUDFHD
FRPSUHVVHGWRSFKRUGRIVWHHOWUXVVZKLFKFDQEHGHVLJQHGPRUHHFRQRPLFDOO\WKHFRQFUHWHVODEQDWXUDOO\EHFRPHV
DUHDG\WRILQLVKXVDEOHDUHD,WLVDOVRREYLRXVWKDWLQRUGHUWRXQGHUVWDQGPRUHWKHZD\KRZSDUWLFXODUHOHPHQWVRI
FRPSRVLWHWUXVVHVEHKDYHLQGHWDLOVLWLVQHFHVVDU\ILUVWWRFRQGXFWDVHULHVRIH[SHULPHQWV±SUHIHUDEO\LQDQDWXUDO
VFDOHHJGHVFULEHG LQ>@:KDW LV LPSRUWDQWEDVLQJRQVXFK LQYHVWLJDWLRQVUHOLDEOHRSWLPL]DWLRQ WHFKQLTXHVRI
WKLVW\SHRIVWUXFWXUHVHJSUHVHQWHGLQ>@DQGPHWKRGRORJLHVRIPHDVXUHPHQWVHQDEOLQJWKHLUIXWXUHGLDJQRVWLFVLQ
D QRQGHVWUXFWLYHZD\ DQG DOORZLQJ WR GHWHFW WKHLU KLGGHQ GHIHFWV RU GDPDJH HDUO\PD\ EH GHYHORSHG)RU VRPH
WLPHVXFKGLDJQRVWLFVKDVEHHQRQHRIWKHEDVLFUHVHDUFKWDVNVRIPRGHUQFLYLOHQJLQHHULQJHJ>
@7KLVIRUFHGWKHDXWKRUVWRFKHFNDXVHIXOQHVVRIG\QDPLFWHVWVEDVHGRQWKHIUHTXHQF\DQDO\VLVRIVWUXFWXUHIUHH
YLEUDWLRQVDQGXOWUDVRQLFWRPRJUDSK\WHVWVLQWKHGLVFXVVHGDUHD)RUWKLVSXUSRVHWKHH[SHULPHQWDOUHVXOWVDQGWKHLU
SUHOLPLQDU\DQDO\VLVVKRZQSDUWLDOO\LQ>@ZHUHHPSOR\HGLQWKHSUHVHQWHGSDSHUDVDVWDUWLQJSRLQW
'HVFULSWLRQRIWHVWHGHOHPHQW
7HVWVZHUHFRQGXFWHGRQDFRPSRVLWHVWHHOWUXVVHOHPHQWZLWKDWRSFKRUGLQWHJUDWHGZLWKDFRQFUHWHVODE)LJ
,WV WRWDO OHQJWKZDVPPDQGVSDQEHWZHHQVXSSRUWD[HVZDVPP7KHFRQFUHWH VODEZDVPPZLGH
PPORQJDQGPPWKLFN$YHUDJHFRPSUHVVLYHVWUHQJWKRIXVHGFRQFUHWHGHWHUPLQHGRQWKHFXELFVDPSOHV
ZDVa03D$GGLWLRQDOO\WRSDQGERWWRPUHLQIRUFHPHQWLQWKHVODEZDVPDGHZLWKWKHXVHRIPHVKRI¡PPEDUV
%%ZLWKaPP[PPVSDFLQJDQGaPPFRYHU7KHERWWRPDQG WRSFKRUGVDQGZHEVZHUHPDGHRI
VWHHOSURILOHVVWHHO6ZLWKWKHFURVVVHFWLRQVVKRZQLQ)LJ7KHFRQFUHWHVODEDQGXSSHUSDUWRIWKHVWHHOWUXVV
ZHUHFRQQHFWHGZLWK1(/621VWXGFRQQHFWRUVRIPPGLDPHWHUDQGOHQJWKRIPPDUUDQJHGLQJURXSVRISFV
RQWKHWRSVXUIDFHRIWRSFKRUGDWWKHQRGHVRIWUXVV
2.1. Test stand and course of measurements 
'XULQJ WKH WHVWV WKH WUXVV HOHPHQWZDVXQGHU D VWDWLFPXOWLVWDJH ORDG ZLWK D VFKHPHDQDORJLFDO WR IRXUSRLQW
EHQGLQJDIUHHO\VXSSRUWHGEHDP)LJZLWKSKDVHVRI ORDGLQJDQGIXOOXQORDGLQJZKHUHPD[LPXPYDOXHP0$;
ZDV LQFUHDVHG IURP VWDJH WR VWDJH XS WR D PRPHQW ZKHQ WKH V\VWHP ORVW LWV ORDG FDSDFLW\ 7KH ORDG IURP RQH
K\GUDXOLFDFWXDWRUZDVDSSOLHGWRWKHXSSHUFRQFUHWHVODERYHUPLGGOHWUXVVMRLQWVWKURXJKDVSUHDGHUVWHHOEHDP
%HIRUHHYHU\ORDGF\FOHXOWUDVRQLFWHVWVRQWKHVODEDQGIUHHYLEUDWLRQVPHDVXUHPHQWVRIZKROHWUXVV)LJZHUH
FRQGXFWHG'HWDLOVFRQFHUQLQJWKLVSDUWRIWHVWVDQGPHDVXUHPHQWVDUHLQFOXGHGLQSRLQWVDQG7KHILUVWVWDJHRI
WKHVHPHDVXUHPHQWVZDV FRQGXFWHGRQ WKHHOHPHQW LQ WKHYLUJLQ VWDWH7KH WHVW VWDQG ORFDWHG DW WKH8QLYHUVLW\RI
äLOLQD6ORYDNLDZDVGHVLJQHGLQDFFRUGDQFHZLWKFRPPRQO\XVHGVROXWLRQVIRUWKHVHW\SHVRILQYHVWLJDWLRQV


)LJ7KHVFKHPHRIWHVWVWDQGZLWKDORFDOL]DWLRQRIGLVSODFHPHQWVVHQVRUVDQGDFFHOHURPHWHUVOHQJWKVLQPP
7KHXVHRIF\FOLFORDGZLWKDPD[LPXPIRUFHP0$;LQFUHDVLQJIURPVWDJHWRVWDJHHQDEOHGPRUHGHWDLOHGDQDO\VLVRI
HYROXWLRQ RI GDPDJH SKHQRPHQD LQ WKH WHVWHG WUXVV HOHPHQW 7RWDOO\  ORDG F\FOHV ZHUH FRQGXFWHG VKRZQ LQ D
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IXQFWLRQRIWLPHLQ)LJ7KHQRQOLQHDUORDGLQFUHPHQWVZKLFKFDQEHREVHUYHGRQWKHFKDUWVIURP³VWDJH´UHVXOW
IURPDPHWKRGRILWVDSSOLFDWLRQ7KHORDGLQJV\VWHPZDVVZLWFKHGIURPWKHPRGHRIJXDUDQWHHLQJDFRQVWDQWORDG
LQFUHPHQWWRWKHPRGHRIDFRQVWDQWGLVSODFHPHQWLQFUHPHQWLQRUGHUWRDYRLGLQVWDQWDQHRXVDQGXQFRQWUROOHGIDLOXUH

)LJ7KHWLPHFRXUVHRIORDGLQJF\FOHVDSSOLHGWRWKHWUXVVDQGVXEVHTXHQWVWDJHVRIG\QDPLFDQGXOWUDVRQLFLQYHVWLJDWLRQV
6WDWLFDQGG\QDPLFWHVWV
3.1. FEM model 
%HFDXVHRIUHODWLYHO\FRPSOH[JHRPHWU\RIWKHWHVWHGWUXVVLWVPRGHOZDVLQLWLDOO\FUHDWHGLQ$XWRGHVN6LPXODWLRQ
VRIWZDUH )LJDEXWLOL]LQJ WKH ILQLWHHOHPHQWPHWKRG )(07KLVPRGHOZDVHODERUDWHGDVDX[LOLDU\ JLYLQJ LW
LQLWLDOHODVWLFSURSHUWLHVRIXVHGPDWHULDOVLQRUGHUWRGHWHUPLQHYHUWLFDOVWLIIQHVVRIVXSSRUWVLQWKHDFWXDOV\VWHPE\
FRPSDULQJPHDVXUHG LQLWLDO VHFWLRQVRI ORDGGLVSODFHPHQW UHODWLRQZLWKFDOFXODWHGRQHV SRLQW DQG WR LGHQWLI\
PRGHV RI IUHH YLEUDWLRQV RI IOH[XUDO FKDUDFWHUZKLFK IUHTXHQFLHVZHUH GHWHUPLQHG RQ WKH EDVLV RI VLJQDO UHFRUGV
IURPDFFHOHURPHWHUVSRLQW7KHPRGHOLQFOXGHGWKHDFWXDOFRQQHFWLRQRIVWHHOWUXVVHOHPHQWZLWKWKHFRQFUHWH
VODEZLWKWKHXVHRIVWHHOKHDGHGVWXGV)LJE+RZHYHULQRUGHUWRLQFOXGHWKHSKHQRPHQRQRIDVOLSLQDSODQHRI
LQWHUIDFHRIFRQFUHWHDQGVWHHOPHPEHUVDSRVVLELOLW\RIPXWXDOGLVSODFHPHQWIRUWKHQRGHVRIILQLWHHOHPHQWVRQWKH
ERWWRP VXUIDFH RI VODE DQG XSSHU RQH RI WRS FKRUG ZDV FUHDWHG 6L]HV RI ILQLWH HOHPHQW PHVK ZHUH VHOHFWHG LQ
DFFRUGDQFHZLWKDUHDVRQDEOHFRPSURPLVHEHWZHHQDWLPHFRQVXPSWLRQDQGFDOFXODWLRQDFFXUDF\


)LJD)(0PRGHORIWUXVVJHQHUDWHGLQ$XWRGHVN6LPXODWLRQVRIWZDUHEGHWDLOVRI)(0PRGHOLQWKHVWXGMRLQWRIXSSHUFKRUGRIWUXVVDQG
FRQFUHWHVODEFRPSDUHGZLWKDSLFWXUHRIUHDOPRGHORIMRLQWWRRNDIWHUHQGLQJWKHLQYHVWLJDWLRQVDQGFXWWLQJWKHFRQFUHWHPHPEHU
7KHWKUHHGLPHQVLRQDOVWDQGDUGILQLWHIRXUVL[DQGHLJKWQRGHHOHPHQWVZHUHXVHGWRJHQHUDWHWKHPHVK,QFDVHRI
WKHVODEWKHPD[LPXPOHQJWKRIWKHHOHPHQWV¶VLGHVZDVFPEXWWKHPHVKZDVGHQVLILHGQHDUWKHVWXGVEHFDXVHRI
WKHVWUHVVFRQFHQWUDWLRQ7KHVWHHOWUXVVHOHPHQWVZHUHPRGHOHGZLWKWKHXVHRIHOHPHQWVRIYDULRXVVLGHGLPHQVLRQV
IURPDSSFPWRFPZKHUHWKHPHVKZDVPRVWO\GHQVLILHGLQWKHDUHDRIVWXGVDSSFPFP'HWDLOVRIWKH
JHQHUDWHGPHVKLQWKHVWXGFRQQHFWLRQDUHVKRZQLQ)LJEZKHUHDSKRWRRIFXWPRGHORIVXFKDMRLQWWRRNDIWHUWKH
HQGLQJWKHWHVWVZDVDOVRVKRZQIRUFRPSDULVRQ,QRUGHUWRLQFUHDVHFODULW\RI)LJQRRXWOLQHRIHOHPHQWPHVK
LQVLGHWKHVODEZDVVKRZQ
D E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3.2. Analysis of displacement measurements  
$PHDVXUHG UHODWLRQ EHWZHHQ WKH ORDG RI WKH WLPHFRXUVH VKRZQ LQ )LJ  DQG GHIOHFWLRQ RI WKH WUXVV DW WKH
PLGGOHRILWVVSDQLVVKRZQLQ)LJ7KHSUHVHQWHGUHVXOWVRIVWDWLFWHVWVLQFOXGHRQO\WKHVHZKLFKZHUHPHDVXUHG
VWDUWLQJIURPWKH WKLUG ORDGF\FOHEHFDXVHRIFODULW\RIGLDJUDP7HVWUHVXOWV IURPWKHUHPDLQLQJGLVSODFHPHQWDQG
VOLSVHQVRUVVKRZQLQ)LJKDGWKHDQDORJLFDOFKDUDFWHUDQGFRQILUPHGIURPWKHSRLQWRIYLHZRIVDIHW\RIWKLVW\SH
RI VWUXFWXUH WKH DGYDQWDJHRXV XWLOL]DWLRQRI LQHODVWLF UHVHUYH VWUHQJWKRIXVHGPDWHULDOV LQ DSRVWFULWLFDO VWDWH DQG
FRQVLGHUDEOHGXFWLOLW\RIWKHVWXGFRQQHFWRUV7KHUHODWLRQVSUHVHQWHGLQ)LJVKRZDOVRWKDWVWDUWLQJIURPWKHIRXUWK
ORDG F\FOH ZKHQ LPPHGLDWH WUXVV ORDG FDSDFLW\ ZDV XVHG XS WR DSS  D UDSLG GHYHORSPHQW RI GHVWUXFWLYH
SURFHVVHV LQ WKH WHVWHG VWUXFWXUH ZDV REVHUYHG ,Q WKH ILUVW WKUHH ORDG F\FOHV ORDGGLVSODFHPHQW UHODWLRQV KDG
DSSUR[LPDWHO\DOLQHDUFKDUDFWHUZKDWVKRZHGDFWXDOO\WKHHODVWLFZRUNRIWKHWUXVVDWWKHVHVWDJHV:KHQWKH\LHOG
SRLQW RI VWUHVVHV LQ DUHDV RI WKH V\VWHP ZLWK WKH PRVW HIIRUW ZDV DFKLHYHG SODVWLF VWUDLQV RFFXUUHG DQG DOVR
LQWHQVLYHGHYHORSPHQWRIEULWWOHGDPDJHLQWKHFRQFUHWHVODEWRRNSODFHWKHVHUHODWLRQVEHFDPHQRQOLQHDU,WFDQEH
DOVR REVHUYHG WKDW HDFK F\FOH UHVXOWHG LQ LQFUHDVLQJ WKH \LHOG SRLQW DV D UHVXOW RI VWUHQJWKHQLQJ PDWHULDO LQ
SODVWLFL]HG DUHDV LQ WKH SUHYLRXV F\FOH $OVR WKH LQLWLDO WDQJHQW JOREDO WUXVV VWLIIQHVV GHFUHDVHG ZKDW FDQ EH
REVHUYHGIURPGHFUHDVLQJLQFOLQDWLRQVRIORDGGLVSODFHPHQWFXUYHVLQWKHLQLWLDOSKDVHVRIORDGLQJFRPSDUHkkLQ
)LJ$FFRUGLQJWRWKHDXWKRUVWKHDIRUHPHQWLRQHGGHFUHPHQWRILQLWLDOVWLIIQHVVRIFRPSRVLWHWUXVVHOHPHQWZDV
PDLQO\D UHVXOWRIJURZLQJPLFURDQGPDFURFUDFNLQJ LQ WKH VWUXFWXUHRIFRQFUHWH LQ WKH VODE VHHSRLQW/RDG
FDSDFLW\ZDVORVWDW WKHORDGRI P aN1$GLUHFWFDXVHRIIDLOXUHZDVFUXVKLQJFRQFUHWHLQWKHVXUURXQGLQJRI
VWXGVRYHUWKHOHIWVXSSRUW
7ZRUHGGDVKHGOLQHVZHUHDOVRPDUNHGLQ)LJ7KHRQHRIJUDWHUVORSHUHSUHVHQWVDUHVXOWREWDLQHGIURPWKH
OLQHDU)(0PRGHOZLWKWKHUROOHUVXSSRUWDQGSLQQHGRQHRILQILQLWHYHUWLFDOVWLIIQHVVkY→∞,QRUGHUWRDFKLHYHD
JOREDO LQLWLDO VWLIIQHVV RI WKH DFWXDO V\VWHPFRQVLVWHQWZLWK WKH)(0PRGHO LW KDG WR EHPRGLILHGE\ LQWURGXFLQJ
HODVWLFVXSSRUWVZLWKILQLWHYHUWLFDOVWLIIQHVVRIkY 01PDUHVXOWUHSUHVHQWHGE\WKHGDVKHGOLQHRIVPDOOHUVORSH


)LJ7KHGLDJUDPRIORDGYVGHIOHFWLRQDWWKHPLGGOHRIWUXVVVSDQPHDVXUHGRQLWVORZHUFKRUG
3.3. Analysis of acceleration measurements of free vibrations  
3ULRUWRHDFKPHDVXUHPHQWRIIUHHYLEUDWLRQVWKHORDGVSUHDGHUEHDPZDVUHPRYHG7KHYLEUDWLRQVZHUHH[FLWHG
E\KLWWLQJWKHXSSHUVODEQHDUWKHDFFHOHURPHWHUVRQFHZLWKWKHXVHRIDSSNJKDPPHU9HUWLFDODFFHOHUDWLRQVRI
WKHV\VWHPZHUHPHDVXUHGZLWKWKHXVHRIDFFHOHURPHWHUVDUUDQJHGDVLQ)LJ(DFKPHDVXUHPHQWZDVUHSHDWHG
WLPHV$IWHUFROOHFWLQJDOODFFHOHURJUDPVWKHLU))7ZHUHH[HFXWHGLQRUGHUWRGHWHUPLQHQDWXUDOIUHTXHQFLHVRIWUXVV
E\ILQGLQJVXEVHTXHQWSHDNVRQWKHFKDUWVRIVSHFWUDIRUWKHUHFRUGHGVLJQDOVDVVXPLQJWKDWGXHWRWKHUHODWLYHO\ORZ
GDPSLQJUDWLRRIWKHWHVWHGHOHPHQWLWGRHVQRWLQIOXHQFHFRQVLGHUDEO\WKHGLIIHUHQFHEHWZHHQWKHIUHTXHQFLHVRILWV
LGHDOL]HG HLJHQYLEUDWLRQV DQG IUHH GDPSHG YLEUDWLRQV ,Q RUGHU WR LGHQWLI\ RQO\ SHDNV RI YLEUDWLRQV RI IOH[XUDO
FKDUDFWHURQWKHFKDUWVRIVSHFWUDLHWKHYLEUDWLRQVZKLFKZHUHSRVVLEOHWRGHWHUPLQHE\PHDQVRIWKHXVHGVHQVRUV
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PHDVXULQJ WKH DFFHOHUDWLRQV RQO\ LQ WKH YHUWLFDO GLUHFWLRQ DQ HLJHQYDOXH SUREOHP ZDV VROYHG DQG DQDO\VLV RI
HLJHQYLEUDWLRQPRGHVZDVFRQGXFWHGIRUWKH)(0PRGHOGHVFULEHGLQSRLQW7DELQFOXGHVWKHIUHTXHQFLHVRI
WKHILUVWPRGHVRIIOH[XUDOYLEUDWLRQVDYHUDJHGIURPDOO UHDGRXWVDW WKHSDUWLFXODUVWDJH ,Q WKHODVWPHDVXULQJ
VWDJH WKH\GHFUHDVHG LQ UHODWLRQ WR WKHLU LQLWLDOYDOXHV IURPDSS WR0RUHRYHU LQRUGHU WR LOOXVWUDWHKRZ
LQFRUUHFWDVVXPLQJVWLIIQHVVRIVXSSRUWVFDQLQIOXHQFHDSURSHULGHQWLILFDWLRQRIDPRGHRIIUHHYLEUDWLRQVRIORZHU
IUHTXHQFLHV RQH DOVR LQFOXGHG LQ WDE  WKH IUHTXHQFLHV RI FRUUHVSRQGLQJ PRGHV RI VWUXFWXUH IOH[XUDO YLEUDWLRQV
LGHQWLILHGZLWKWKHXVHRI)(0PRGHODWWKHLQILQLWHDQGDFWXDOILQLWHYHUWLFDOVWLIIQHVVRIWUXVVEHDULQJV
7DEOH9DOXHVRIQDWXUDOIUHTXHQFLHVIRUIOH[XUDOYLEUDWLRQVLQWKHVXEVHTXHQWVWDJHVRIPHDVXUHPHQWV>+]@
0RGHRI )UHTXHQF\ )(0 ([SHULPHQW
IOH[XUDO 9LUJLQVWDWH /RDGFDSDFLW\XWLOL]DWLRQ>P0$;@
YLEUDWLRQV  kY→ kY 01P  >N1@ >N1@ >N1@ >N1@ >N1@
 I        
 I        
 I        
 I        
 I        
 I        
 I        
 I        
 I        
 I        

,Q RUGHU WR UHIOHFW EHWWHU KRZ HYROYLQJ GDPDJH LQ WKH V\VWHP DQG UHODWHG GHFUHPHQWV RI LWV VWLIIQHVV LQIOXHQFH D
GHFUHDVHRIIUHTXHQFLHVRILWVVXEVHTXHQWIOH[XUDOYLEUDWLRQVPRGHVWKHLUYDOXHVGHWHUPLQHGDIWHUWKHSDUWLFXODUORDG
VWDJHVZHUHFRPSDUHG WR WKHVHZKLFKZHUHPHDVXUHG LQ WKHYLUJLQVWDWH)LJ ,WFDQEHREVHUYHG WKDWYDOXHVRI
WKHVHIUHTXHQFLHVLQGLFDWHGDJHQHUDOGHFUHDVLQJWHQGHQF\,QFDVHRIWKHILUVWPRGHVRIIOH[XUDOYLEUDWLRQVEDVLF
SDUW RI IUHTXHQF\ GHFUHPHQWV RFFXUUHG PDLQO\ GXULQJ WKH ILUVW  ORDG F\FOHV ZLWKLQ WKH UDQJH RI ORDG FDSDFLW\
XWLOL]DWLRQ WRDSS'LIIHUHQWO\ LQFDVHRIKLJKHUIUHTXHQFLHV LH IRU WKHILIWKDQGQH[WPRGHVRIYLEUDWLRQV
WKHLUYDOXHVEHJDQWRGHFUHDVHQRWLFHDEO\VWDUWLQJDIWHUWKHWKLUGORDGF\FOH


)LJ7KHFKDQJHVRIQDWXUDOIUHTXHQFLHVIRUWKHILUVWPRGHVRIIOH[XUDOYLEUDWLRQVRIWKHWUXVVUHIHUUHGWRWKHYLUJLQVWDWH
LQWKHVXEVHTXHQWVWDJHVRIPHDVXUHPHQWV
8OWUDVRQLFWHVWV
,QWKLVSDUWRIWHVWVFRPSDUDWLYHPHDVXUHPHQWVRISURSDJDWLRQWLPHRIXOWUDVRQLFORQJLWXGLQDOZDYHVEHWZHHQD
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IL[HG VHW RI VHQGLQJUHFHLYLQJSRLQWV ORFDWHGRQ WKHRSSRVLWH ORQJLWXGLQDO VLGHV RI WKH VODEZHUH XVHG LQRUGHU WR
HYDOXDWH WKH GHYHORSPHQW RI EULWWOH GDPDJH 6XFK RULHQWDWLRQ RI WKLV UDQJH RIPHDVXUHPHQWV E\ WKH DXWKRUVZDV
FDXVHG E\ WKH IDFW WKDW LW DOORZV WR HYDOXDWH WKH VSDWLDO GLVWULEXWLRQ RI YHORFLW\ RI ORQJLWXGLQDO ZDYHV DQG LQ
FRQVHTXHQFHWRORFDWH]RQHVLQDFRQFUHWHHOHPHQWZKLFKZLOOEHVXEMHFWHGWRLQWHQVHPLFURFUDFNLQJSURFHVVHV>@
7KLV SUREOHP LV YHU\ LPSRUWDQW EHFDXVH LW DOORZV HDUO\ GHWHFWLRQ RI DUHDV LQ ZKLFK PDFURFUDFNV ZLOO GHYHORS
EHFDXVHWKLVGHYHORSPHQWLVSUHFHGHGE\PLFURFUDFNLQJRIDFRQFUHWHVWUXFWXUH$VIDUDVFRQVLGHUDEOHFUDFNVDQG
YRLGVLQFRQFUHWHHOHPHQWVFDQEHGHWHFWHGE\XVLQJVWDQGDUGWHFKQLTXHVFRQVLVWLQJLQHJPHDVXULQJSURSDJDWLRQ
WLPHRIUHIOHFWHGXOWUDVRQLFZDYHV>@PLFURFUDFNVFRQVLGHUDEO\LQIOXHQFHRQO\GDPSLQJDQGVORZLQJGRZQZDYHV
ZKLFK SURSDJDWH WKURXJK DUHDV FRQWDLQLQJ WKHP $ GHFUHDVH RI YHORFLW\ RI WKHVH ZDYHV FDQ EH TXDQWLWDWLYHO\
GHVFULEHGLQVLPSOLILFDWLRQE\WKHHTXDWLRQUHVXOWLQJIURPDVVXPSWLRQVRIFRQWLQXRXVGDPDJHPHFKDQLFVLQLVRWURSLF
WHUPV>@

 LL cc ω−=           

ZKHUHcLcL±YHORFLWLHVRI ORQJLWXGLQDOZDYHV LQDQXQGDPDJHGDQGGDPDJHGPDWHULDO UHVSHFWLYHO\ω∈>±
VFDODUGDPDJHSDUDPHWHUHTXDOLQJ]HURLQWKHPDWHULDOZLWKRXWPLFURFUDFNVDQGWHQGLQJWRXQLW\LQFDVHRIIDLOXUH
RIWKHPDWHULDO>@,QRUGHUWRLGHQWLI\ORFDWLRQRIGDPDJHGDUHDVLQDFRQVWUXFWLRQHOHPHQWZHFDQLQDFFRUGDQFH
ZLWKWKHSULQFLSOHVRIWUDQVPLVVLRQWRPRJUDSK\GLYLGHWKHWHVWHGDUHDRIWKHHOHPHQWLQWRVXEDUHDVVRFDOOHGFHOOV
LQZKLFKDFRQVWDQWYHORFLW\RIXOWUDVRQLFZDYHLVDVVXPHGIXUWKHUORFDWHDVHWRIZDYHUHFHLYHUVDQGWUDQVPLWWHUV
DFFRUGLQJO\ LQ SRLQWV i  «m DQG j  «n )LJ DQG DVVXPH WKDW WKH SDWKV RI IDVWHVW VRXQGSURSDJDWLRQ
EHWZHHQWKHPVRFDOOHGUD\VDUHVWUDLJKW7KHQDQDSSUR[LPDWHUHFRQVWUXFWLRQRIGLVWULEXWLRQRIYHORFLW\RIZDYHV
LVREWDLQHGE\VROYLQJDV\VWHPRIHTXDWLRQVHJ>@

( ) ( ) ij
k
k
k
ij tfl ǻ=¦ ZKHUH ( )¦=
k
k
ijij ll  ( ) ( )kLckf

=       
 
¨tij ±PHDVXUHGWLPHRIZDYHSURSDJDWLRQIURPSRLQWiWRj lij  –OHQJWKRIUD\FRQQHFWLQJSRLQWV i DQGjlijk±OHQJWK
RIUD\EHWZHHQSRLQWVi DQGjRQkWKFHOOfk ±RSSRVLWHRIWKHDYHUDJHGYHORFLW\cLkRISURSDJDWLRQRIORQJLWXGLQDO
XOWUDVRQLFZDYHLQkWKFHOOk  «p1XPEHURIFUHDWHGUD\VKDVWREHHTXDORUJUHDWHUWKDQDQXPEHURIFHOOVp
)LJVKRZVDQH[DPSOHRILPSOHPHQWDWLRQRIWKHDSSURDFKLQFDVHRIUHFWDQJXODUFURVVVHFWLRQRIFRQFUHWHHOHPHQW
LQFRQGLWLRQVRISODQHVWUHVVRUVWUDLQZKHUHVkGHQRWHVDUHDRFFXSLHGE\kWKFHOO,QRUGHUWRGHWHUPLQHfkYDOXH
IURP WKH V\VWHP RI HTXDWLRQV  LQ WRPRJUDSK\ ZH FDQ XVH WKH .DF]PDU] QXPHULFDO LWHUDWLYH PHWKRG 0RUH
LQIRUPDWLRQFRQFHUQLQJWKLVVXEMHFWFDQEHIRXQGHJLQ>@

)LJ$QH[HPSODU\VHWRIFHOOVDQGUD\VLQWKHXOWUDVRQLFWUDQVPLVVLRQWRPRJUDSK\ZLWKDSDUDOOHOVHWRIVHQGLQJDQGUHFHLYLQJWUDQVGXFHUV
4.1. Results 
,GHQWLFDOO\DVLQFDVHRIG\QDPLFWHVWVWKHFRPSRVLWHWUXVVHOHPHQWZDVXOWUDVRQLFDOO\WHVWHGSULRUWRWKHLQLWLDO
ORDGF\FOHDQGEHWZHHQWKHQH[WORDGF\FOHV)LJZLWKWKHUHPRYHGVSUHDGHUEHDP'XULQJHDFKVWDJHRIWHVWVD
PHDVXUHPHQW RI WLPHV RI XOWUDVRQLF ZDYH SURSDJDWLRQ ZLWK IUHTXHQF\ RI  N+] ZDV FRQGXFWHG LQ WKH XSSHU
FRQFUHWH VODE EHWZHHQ IL[HG SRLQWV ZLWK WKH XVH RI XOWUDVRQLF SXOVH YHORFLW\ WHVWHU IRU FRQFUHWH $OO W\SHV RI
PHDVXUHPHQWVZHUHUHSHDWHGWLPHV$QDUUDQJHPHQWRIWKHVHQGLQJUHFHLYLQJPHDVXULQJSRLQWVLVVKRZQLQ)LJ
%DVLQJ RQ WKH PHDVXUHG WLPHV DQ DSSUR[LPDWLRQ E\ SRO\QRPLDO ZDV FRQGXFWHG DQG UHVXOWHG LQ ³DUWLILFLDOO\´
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REWDLQLQJWLPHVFRUUHVSRQGLQJGRDGGLWLRQDOSRLQWVORFDWHGEHWZHHQWKHPHDVXULQJSRLQWVDVVXPHGDVHTXLGLVWDQWLQ
WKH QXPEHU RI  EHWZHHQ HDFK SDLU RI DFWXDO PHDVXULQJ UHFHLYLQJ SRLQWV )LJ  7KH PHDVXUHPHQWV ZHUH
FRQGXFWHGLQFDVHVRISDLUVRISRLQWVORFDWHGRQRSSRVLWHVLGHVRIWKHVODELQWKHRSSRVLWHFRQILJXUDWLRQZLWKSRLQW
RIIVHWOHIWRUULJKWDQGSRLQWVRIIVHWOHIWRUULJKWDVDPD[LPXP










)LJ7KHORFDOL]DWLRQRIWKHVHQGLQJUHFHLYLQJPHDVXULQJSRLQWVLQWKHFRQFUHWHVODEQXPEHUHGRQHVDQGH[HPSODU\ORFDOL]DWLRQRIUD\V
FRQQHFWLQJWKHSRLQWVIRUZKLFKWKHWLPHVRIXOWUDVRXQGSURSDJDWLRQZHUHPHDVXUHGUHGVROLGOLQHVDQGIRUZKLFKWKHWLPHVRISURSDJDWLRQZHUH
DSSUR[LPDWHGEOXHGRWOLQHVOHQJWKVLQPP








)LJ7KHWRPRJUDSKLFUHFRQVWUXFWLRQVRIYHORFLW\GLVWULEXWLRQVIRUORQJLWXGLQDOXOWUDVRQLFZDYHVLQWKHVODEYLHZIURPDERYHZLWKFHOOV
LQWKHSDUWLFXODUVWDJHVDVWDJHEVWDJHFVWDJHGVWDJHHVWDJHIVWDJH








)LJ7KHWRPRJUDSKLFUHFRQVWUXFWLRQVRIYHORFLW\GLVWULEXWLRQVIRUORQJLWXGLQDOXOWUDVRQLFZDYHVLQWKHVODEYLHZIURPDERYHZLWKFHOOV
LQWKHSDUWLFXODUVWDJHVDVWDJHEVWDJHFVWDJHGVWDJHHVWDJHIVWDJH

%DVLQJRQWKHV\VWHPRIHTXDWLRQVDUHFRQVWUXFWLRQRIYHORFLW\GLVWULEXWLRQRIXOWUDVRQLFZDYHVZDVREWDLQHG
RQO\IRUWKHPHDVXUHGSURSDJDWLRQWLPHVZLWKWKHDVVXPSWLRQRILGHQWLFDOUHFWDQJXODUFHOOVE\ZLGWKDQGE\
OHQJWK±)LJDQGIRUWKHWLPHVPHDVXUHGDQG³DUWLILFLDOO\´REWDLQHGIURPDSSUR[LPDWLRQZLWKWKHDVVXPSWLRQRI
LGHQWLFDOUHFWDQJXODUFHOOVE\ZLGWKDQGE\OHQJWK±)LJ&DOFXODWLRQVZHUHFRQGXFWHGLQWKH0DWODE
HQYLURQPHQWZLWKWKHXVHRIDXWKRUV¶SURJUDP7KHSUHVHQWHGPHWKRGRIWRPRJUDSKLFUHFRQVWUXFWLRQRIGLVWULEXWLRQV
RIXOWUDVRQLFZDYHVERWKLQWKHILUVWDQGVHFRQGFDVHLQGLFDWHVWKDWLW LVYHU\HIILFLHQWLQGHWHUPLQDWLRQRIDUHDVRI
FRQFUHWHHOHPHQWVVXEMHFWHGWRFUDFNLQJWKHZKLWHQHGRQHVRIORZHUYHORFLW\RIXOWUDVRQLFZDYHVLQ)LJVDQG
+RZHYHUDWWKHLQFUHDVHGQXPEHURIFHOOVWKHVHLPDJHVDUHPRUHFOHDUDQGDGGLWLRQDOO\VSHFLI\WKHVHGDPDJHGDUHDV
RIVODEZKLFKDUHQRWFOHDUO\YLVLEOHLQWKHUHFRQVWUXFWLRQREWDLQHGEDVLQJRQRQO\DFWXDOO\PHDVXUHGWLPHV)LJ
UHFHLYLQJSRLQWV
UD\VZLWKPHDVXUHGWLPHVRISURSDJDWLRQ

UD\VZLWKDSSUR[LPDWHGWLPHVRISURSDJDWLRQ
VHQGLQJSRLQWV
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&RQFOXVLRQV
7KHQRQGHVWUXFWLYHWHVWLQJDQGGLDJQRVWLFPHWKRGVLQFLYLOHQJLQHHULQJVWLOOUHTXLUHDQLQWHQVHGHYHORSPHQWHJ
>@7KLVLVRQHRIDLPVRIWKLVDUWLFOHLQWHUPVRIVXFKVWUXFWXUHVDVFRPSRVLWHVWHHOFRQFUHWHWUXVVHOHPHQWV2Q
WKHEDVLVRIFRQGXFWHGWHVWVLWFDQEHVWDWHGWKDWVXFKEHDULQJVWUXFWXUHVVKRZYHU\JRRGXWLOLW\IHDWXUHVHVSHFLDOO\
GXH WR WKHLU ORDGFDSDFLW\ LQSRVWFULWLFDO VWDWHV DV D UHVXOWRI DQHIIHFWLYHXWLOL]DWLRQRISODVWLFSURSHUWLHVRIXVHG
PDWHULDOV7KHFRQGXFWHGWHVWVDOVRLQGLFDWHGWKDWWKHXOWUDVRQLFWUDQVPLVVLRQWRPRJUDSK\GLUHFWHGWRDPHDVXUHPHQW
RIVRXQGYHORFLW\GLVWULEXWLRQLQD WUXVVFRQFUHWHVODEFDQEHYHU\XVHIXO LQ ORFDWLQJEULWWOHGDPDJHLQ WKLV W\SHRI
PHPEHUVSURYLGHGWKDWVXFKDGLVWULEXWLRQZLOOEHNQRZQIRUWKHLUYLUJLQVWDWHSULRUWRORDGLQJDVDUHIHUHQFHRQH
2Q WKH EDVLV RI XOWUDVRQLF WHVWV LW FDQEH DOVR VWDWHG WKDW WKH ILUVW FRQVLGHUDEOH EULWWOH GDPDJH LQ WKH FRQFUHWH
VWUXFWXUHRIWKHWUXVVFRQFUHWHVODERFFXUUHGMXVWDIWHUWKHVHFRQGORDGF\FOHVRDIWHUDSSO\LQJDORDGFRQVXPLQJDSS
RIORDGFDSDFLW\RIWKHWHVWHGV\VWHP7KHILUVWFRQVLGHUDEOHFKDQJHVLQWKHIUHTXHQFLHVRIIOH[XUDOYLEUDWLRQV
RFFXUUHGJHQHUDOO\DIWHUWKHILUVWORDGF\FOHLQFDVHRIWKHLUILUVWPRGHVDQGDIWHUWKHWKLUGORDGF\FOHLQFDVHRIWKH
ILIWKDQGVXEVHTXHQWPRGHVLHDIWHUDORDGFRQVXPLQJDSSRIWKHORDGFDSDFLW\7KHILUVWYLVLEOHFUDFNVDURVH
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